The supersonic winds produced by massive stars carry a large amount of kinetic power. In numerous scenarios such winds have been proven to produce shocks in which relativistic particles are accelerated emitting non-thermal radiation. Here, we report the first detection of non-thermal emission from a single stellar bubble, G2.4+1.4, associated with a WO star. We observed this source with the uGMRT in Band 4 (550 − 850 MHz) and Band 5 (1050 − 1450 MHz). We present intensity and spectral index maps for this source that are consistent with synchrotron emission (average spectral index, α = −0.83 ± 0.10). The fraction of the available kinetic wind power that is converted into cosmic ray acceleration is estimated to be of the order of a few per cent. This finding constitutes an observational breakthrough and gives new insight on the non-thermal physical processes taking place in the environments of isolated massive stars. In particular, our results show that non-runaway isolated massive stars are capable of accelerating relativistic particles and are therefore confirmed as sources of Galactic cosmic rays.
INTRODUCTION
Massive stars profoundly influence the surrounding interstellar medium (ISM) through their mechanical, radiative, and chemical feedback. In recent years, stellar systems involving massive OB and Wolf-Rayet (WR) stars have unraveled interesting laboratories to investigate particle acceleration in strong shocks related to the powerful stellar winds. The detection of non-thermal (NT) emission in such systems imply that relativistic particles can be accelerated in them, most likely via diffusive shock acceleration (DSA; Drury 1983, and references therein) . This acceleration mechanism is ubiquitous in sources with supersonic outflows, such as supernovae remnants (e.g. Dubner & Giacani 2015) , Herbig-rays (CRs; Seo et al. 2018) , perhaps even the dominant accelerators of CRs up to PeV energies (Yang et al. 2018) .
A missing link in the assessment of massive stars as progenitors of Galactic CRs is the role of isolated stars, in particular those that do not belong to the runaway class. The powerful stellar winds generate strong shocks in the surrounding material as they propagate, piling it up and sculpting the environment into a stellar bubble. Both termination shocks and shocks in co-rotating interaction regions at the base of the wind are conducive for relativistic particle acceleration. However, until date no study has reported the detection of NT emission in such isolated objects. Indirect evidence of the presence of strong shocks can be gathered in X-rays, given that such shocks heat the plasma to very high temperatures. However, in stellar bubbles the turbulent mixing and thermal conduction produce gas of intermediate temperature and density, which only emits soft and diffuse X-rays as has been observed in four WR nebulae (Toalá & Arthur 2018) .
In this paper we investigate the radio emission from the stellar bubble around WR 102. Located at a distance of 2.88 kpc (Sander et al. 2018) , WR 102 is a single, oxygen-rich WR star of the rare spectral type WO2. These stars represent a very short evolutionary phase of very massive stars (40-60 M ⊙ ) and are the likely progenitors of Type Ic supernova (Tramper et al. 2015) . Remarkably, these very peculiar objects (there are only four detected WO stars in our Galaxy, including WR 102) have the fastest winds with v w = 4500 − 7000 km s −1 (Polcaro et al. 1992 ). This fact makes WO stars excellent candidates for the search of NT emission as the wind velocity has a double impact on the NT particle distribution. On the one hand, the energy budget for NT particle acceleration depends on the wind kinetic power, which for a star with massloss rateṀ is P kin ≈ 0.5Ṁ v 2 w . On the other hand, under the assumption of Bohm diffusion, the rate at which relativistic particles are accelerated scales with the square of the shock (and therefore the wind) velocity (e.g. Drury 1983 ). Thus, the filamentary nebula G2.4+1.4 around WR 102, with v w = 5000 km s −1 anḋ M = 5.4×10 −6 M ⊙ yr −1 (Sander et al. 2018) , is an ideal target to search for NT radio emission.
The hydrodynamics of stellar bubbles are complex as the wind properties vary throughout the stellar evolution from main-sequence to the WR phase. This is evident in the complex and striking morphology seen in G2.4+1.4 in the optical, infrared and radio (Treffers & Chu 1982; Green & Downes 1987; Goss & Lozinskaya 1995; Toalá et al. 2015b ). The 'looped' or 'multi-ringed' filamentary morphology revealed in all wavelengths points to possible interaction/collision regions.
RADIO OBSERVATIONS
Low-frequency radio continuum mapping of G2.4+1.4 was carried out with the upgraded Giant Meterwave Radio Telescope (uGMRT), India. GMRT offers a hybrid, Y-shaped configuration consisting of thirty antennas. The three arms contain six antennas each and twelve antennas are placed randomly within a central, compact region of one square kilometre. The largest baseline probed with GMRT is ∼ 25 km and the shortest spacing is ∼ 100 m, providing a configuration that allows to study structures at various spatial scales. An overview of GMRT systems can be found in Swarup et al. (1991) and the details of the upgradation are presented in Gupta et al. (2017) . G2.4+1.4 was observed in Band 4 (550 − 850 MHz) and Band 5 (1050 − 1450 MHz) which have better sensitivity and uv coverage compared to the Legacy narrow-band set up. Primary calibrators 3C286 and 3C48 were observed for flux and bandpass calibration. To correct for the phase and amplitude variation over the duration of the observations, phase calibrators 1822-096 (Band 4) and 1751-253 (Band 5) were observed for 5 min after each 40 min scan of the target. Standard procedures of data reduction using Astronomical Image Processing System (AIPS) were implemented to generate the continuum maps. Calibrated data in each band were split into sub-bands of bandwidth ∼ 32 MHz and carefully scrutinized to identify and flag out bad spectral channels (due to RFI) and data points (due to nonfunctional antennas). We retain five clean sub-bands each in Band 4 and Band 5, with central frequencies of 605, 640, 675, 710, 745 MHz and 1297 605, 640, 675, 710, 745 MHz and , 1327 605, 640, 675, 710, 745 MHz and , 1361 605, 640, 675, 710, 745 MHz and , 1395 605, 640, 675, 710, 745 MHz and , 1429 MHz, respectively. Each sub-band was imaged separately employing channel averaging and widefield imaging technique to account for bandwidth smearing and w-term effects, respectively. While imaging, the beam in all sub-bands was matched to yield a resolution of 15 ′′ × 15 ′′ , which helps in smoothing the maps and removing small scale statistical fluctuations, if present. Several iterations of self-calibration were carried out to correct for the phases and improve the image quality. Primary beam correction was applied to generate the final images.
G2.4+1.4 is located near the Galactic plane, whereas the flux calibrators observed are at higher Galactic latitudes. Therefore, a correction to the system temperature was required to account for the contribution from Galactic diffuse emission, which may become significant at the low frequencies of our observations. Since mea-surements of the variations in the system temperatures of the antennas at the GMRT are not automatically implemented during observations, correction factors were determined using the 408 MHz all-sky continuum survey of (Haslam et al. 1982) and assuming that the Galactic diffuse emission follows a power-law spectrum with a slope of −2.55 (Roger et al. 1999) . The correction factors lie between 1.17 and 2.08 (highest value occurring for the lowest frequency) and are used to scale the final images.
NATURE OF THE RADIO EMISSION
The primary focus of this study is to ascertain the nature of the radio emission in G2.4+1.4. For this, we derive the spectral index which is a key parameter that enables to decipher the underlying physics of the source and the radiation mechanism(s).
Morphology of the source
The uGMRT radio continuum maps generated in all ten sub-bands display the characteristic multi-ringed, filamentary morphology previously mentioned. Figure 1 shows two sub-bands from each Band 4 and Band 5. The maps display a central region that appears to be connected to a spherical shell via three spoke-like filaments. Beyond this, a network of loops forming an outer shell and external rims are visible. The nebula is extended in the north-west direction where faint loops are discernible in the maps and indicated in Figure 1 (1429 MHz map) with dotted red curves. Noticeable in the maps is the striking asymmetry seen in the bubble structure and the location of WR 102 that is offset from the centre.
The interesting morphology of G2.4+1.4 has been debated in previous studies. attributed the striking morphology to the presence of large scale Rayleigh-Taylor (RT) instabilities. Their hypothesis places WR 102 at the edge of a molecular cloud that stalls the expansion on one side (south-east) whereas the stellar wind inflates the bubble in the other (north-west) direction into the low-density ISM. RT instabilities arise as the expansion happens along a strong density gradient. This results in the characteristic 'scalloping' morphology. However, the presence of the proposed molecular cloud was not confirmed from CO observations carried out by Arnal (2008) . An alternate scenario was presented by Brighenti & D'Ercole (1995a,b) . These authors carried out detailed simulations and advocate for a moving central star that would adequately explain the observed morphology.
Spectral index
The spectral index α is defined as S ν ∝ ν α , where S ν is the flux density at frequency ν. Ionized gas emits thermal free-free emission with spectral index ranging from +2 (optically thick) to −0.1 (optically thin). Given that the opacity is frequency-dependent, a source can switch from being optically thick at low frequencies to optically thin at high frequencies. Moreover, the opacity is strongly dependent on the density of the medium, hence the turnover frequency can differ for different sources. In comparison, relativistic electrons emit synchrotron radiation in the radio domain with a typical intrinsic spectral index α ∼ −0.5, although it could be less negative or even positive due to absorption/suppression effects (Melrose 1980) . In any case, a value of α < −0.1 is conclusive evidence for NT emission, whereas positive values of the spectral index usually suggest a thermal source. In astrophysical sources it is most likely that a thermal plasma coexists with the relativistic population of electrons (if present), and therefore the observed spectra would have contributions from both the thermal and NT components. Nonetheless, it is possible to separate the two components by sampling the SED over a large range of frequencies. In particular, the NT emission is expected to dominate the spectra at low frequencies given that it has a negative spectral index, whereas at higher frequencies thermal radiation prevails (see e.g. De Becker 2018) . In this regard, the high-sensitivity new uGMRT data presented in this paper probes the ideal low-frequency domain appropriate to reveal unambiguous evidence of NT radiation.
Observed spectral index maps
For a reliable estimate of the spectral index it is critical to ensure that same spatial scales are probed at the frequencies sampled. Given that GMRT is not a scaled array, we generate the maps in the uv range (0.164 -49.5 kλ) common to all sub-bands. Flux density integrated within the 3σ contour along with the rms noise in each sub-band map are listed in Table 1 . Uncertainties in the estimated flux densities are calculated using the expression from Sánchez-Monge et al. (2013),
where σ is the rms noise level of the map, σ ′ is the error in flux scale calibration, θ bm represents the size of the beam, and θ src is the source size. The uncertainty in the flux calibration of GMRT is taken to be 5% (Lal & Rao 2006) . The measured flux density values yield a global spectral index of −0.83 ± 0.10. A similar power law slope is also seen within the two bands.
To probe the variation of the spectral index across the bubble, we identify apertures and estimate the spectral index from the integrated flux density within these. Table 2 gives the estimated values which lie between −1.19 and −0.18. We also construct a spectral index map of G2.4+1.4, shown in Figure 2 , by retaining only those pixels with flux density values greater than 5σ (σ being the rms noise of the map) in all the ten sub-band maps. The range of spectral index values seen in this map lie between −1.7 and 0.5 with errors typically within 0.2.
Thermal radio emission from a single stellar wind is produced by the free-free mechanism and it exhibits a spectral index α ∼ 0.6 (Wright & Barlow 1975) . In G2.4+1.4, the global and spatially resolved spectral in-dex estimations are significantly lower than −0.1, which is a compelling evidence of NT emission. This enigmatic nebula has been a target of interest for over five decades. The nature of its radio emission has been debated by several authors. Goss & Shaver (1968) were the first to report the 20 cm (1.4 GHz) and 11 cm (2.7 GHz) radio observations of G2.4+1.4. These authors assumed a thermal source but did not rule out the possibility of NT emission. A more detailed study was presented by Johnson (1975) , who investigated the nature of this source based on high-frequency (15.5 and 31.4 GHz) observations and flux density measurements Table 1 of Johnson (1975) yields a spectral index α = −0.7. This conclusion was supported by Treffers & Chu (1982) based on their optical narrowband imaging and Fabry-Perot spectroscopic observations. With additional observations at 4.86 GHz using the VLA, Green & Downes (1987) re-visited the debate and extensively discussed the possible uncertainties associated with the flux densities used by Johnson (1975) . These authors did not rule out NT emission but favoured a thermal wind-blown bubble instead. G2.4+1.4 was observed as part of the Effelsberg radio continuum surveys at 1408 and 2695 MHz (Reich et al. 1984 (Reich et al. , 1990 . The flux density measurements from these observations also yielded a NT spectral index of α = −0.7. However, in a subsequent study, Gray (1994) used MOST-843 MHz and the Effelsberg-2695 MHz and calculated α = −0.13, which they interpreted as optically thin free-free emission, thus negating a NT origin. Similar results were presented by Goss & Lozinskaya (1995) , using MOST-843 MHz and VLA-1.49 GHz data, who propounded a thermal mass-loss bubble picture for G2.4+1.4. However, given that the claim of the thermal nature of the source was based on flux density measurements from Effelsberg, VLA, and MOST maps, different sensitivities and uv coverage would render the estimated spectral index values uncertain. The spectral index estimate from the Effelsberg data (α = −0.7) is in close agreement with the uGMRT results (α ∼ −0.8) presented here, for which the flux density measurements are not affected by the above mentioned uncertainties and therefore provide high-confidence and conclusive evidence of NT emission. From the spectral index values of the identified apertures listed in Table 2 , we see a hint of softening of the spectra (i.e more negative spectral indices) as we move from the centre to the external rims of the bubble. A few scenarios could be invoked to explain this trend. One possibility could be the contamination from thermal emission in the central, denser region where the free-free emission is higher. The other picture could involve the diffusion of particles which makes the particle energy distribution softer and therefore the spectral index values more negative. Further studies involving detailed modelling are necessary before one can conclusively interpret the observed trend.
NON-THERMAL RADIATIVE MODEL
The value of the magnetic field strength in the emitter and its energetics are encoded in the observed SED. Despite this, it is not possible to disentangle such unknowns if only radio data is available. However, we can infer (or at least constrain) them via rather simple and reliable modelling. We develop a one-zone model to estimate the magnetic field of the stellar bubble associated with G2.4+1.4. The model is based on the approach discussed in del Palacio et al. (2018) for stellar bow shocks and is globally consistent with the standard procedure for estimating magnetic fields in NT sources (e.g. Rybicki & Lightman 1979; Longair 1992; De Becker 2018) . Here, the detailed structure of the synchrotron emitter is neglected and it is considered to be homogeneous. Since G2.4+1.4 has a nearly spherical morphology, we assume a spherical synchrotron emitting volume of radius ∼ 3 ′ (∼ 2.51 pc at a distance of 2.88 kpc). We note, nonetheless, that the exact shape and volume of the region do not have a strong impact in the results (e.g. De Becker 2018) .
Charged relativistic particles moving in the presence of a magnetic field emit synchrotron radiation. This process is much more efficient for electrons than for protons, so hereafter we refer only to electron synchrotron radiation. The same observed synchrotron luminosity can be achieved either by a less energetic electron population in a strong magnetic field or by more energetic electrons in a weak magnetic field. To account for this degeneracy between the amount of energy injected into NT particles and the intensity of the magnetic field, we introduce two parameters in the model related to how the energy is distributed between the magnetic field and the different species of relativistic particles 1 :
where U mag = B 2 /(8π), U e and U p are the energy densities in the magnetic field, NT electrons and NT protons, respectively, and U NT = U e + U p . We adopt a value of K ep = 0.01, consistent with DSA (see Merten et al. 2017 , and references therein for a discussion on electronto-ion luminosity ratios). Considering that the relativistic electron energy distribution is given by N e (E), we have:
where V is the emitter volume. In order to calculate the particle energy distribution, N e (E), in a self-consistent fashion, we solve the transport equation for a stationary and homogeneous emitter. First, we have to characterize the injected particle distribution, Q(E). Different particle acceleration mechanisms, including DSA, inject relativistic particles with a power-law distribution,
where Q 0 is a normalization constant, p is the distribution spectral index, and E c is the cutoff energy. The value of p can be derived from the radio spectral index (α = −0.83 ± 0.1) as p = −2α + 1 ≃ 2.66. The value of E c is given by the balance between energy gain and loss processes, and it is obtained by equating the characteristic acceleration and synchrotron times, as the latter completely dominates the energy losses for high-energy particles in this scenario. The acceleration time is t acc = η acc E/(B c q) s, with q the elemen- tary charge and η acc the acceleration efficiency, taken as η acc = 2π(c/v w ) 2 in the Bohm diffusion regime (though different values of this parameter related to uncertainties in the actual diffusion coefficient are also possible, Drury 1983 ).
The normalization constant Q 0 is obtained from the condition P NT = Emax Emin E Q(E) dE, where E min and E max are set to 1 MeV and 10 E c , respectively, and P NT is the power injected in relativistic particles. The latter is taken as a fraction χ NT of the total kinetic power in the stellar wind,
(4) such that P NT = χ NT P w . The value of χ NT gives an idea of how efficiently energy is converted to NT particles. For example, typical values of χ NT ≃ 0.1 are found in the literature for supernova remnants (Dorfi & Drury 1985; Reynolds 2011) .
In a stationary scenario, as it is the case with G2.4+1.4 (at least for timescales of years), the solution to the transport equation for an injected electron distribution Q(E) under radiative cooling (dominated by synchrotron losses) and non-radiative cooling (mechanical work exerted to the surrounding medium, often referred to as adiabatic losses) can be calculated as
where |Ė |= E/t cool represents the total (radiative plus non-radiative) energy losses. The synchrotron cooling time, t sy (E, B) ∝ E −1 B −2 , can be calculated precisely, whereas the characteristic adiabatic loss time is approximately t adi ∼ R/v w , with R ≈ 2.5 pc the characteristic size of the bubble. Given that we have only two free parameters in our model, we explore physically plausible values for η mag in the range 0.01 (strong magnetic field) to 10 (weak magnetic field) and obtain the corresponding value for χ NT that matches the observed fluxes. We calculate the synchrotron spectrum using the standard (approximated) expressions for electron emission in random magnetic fields (e.g. Melrose 1980) . For the extreme case of η mag = 10 we obtain B = 120 µG and L NT = 8 × 10 36 erg s −1 (χ NT ≃ 17%), whereas for η mag = 0.01 we obtain B = 770 µG and L NT = 0.3 × 10 36 erg s −1 (χ N T ≃ 0.6%). A representative value of η mag = 0.75, which corresponds to a minimum energy condition in the emitter, yields B = 250 µG and L NT = 2 × 10 36 erg s −1 (χ N T ≃ 5%). In Figure 3 we show an example of the spectral fit for this case, which also allows to infer the possible X-ray flux due to the high end of the synchrotron spectrum. The expected Xray flux in the 0.3-10 keV energy band is of the order of 10 −13 erg s −1 cm −2 , though this value is very sensitive to uncertainties in the model such as spatial variations of the spectral index. Moreover, we note that thermal emission is also expected in the X-ray domain given the presence of shock-heated gas (Toalá et al. 2015a; Toalá & Arthur 2018) .
CONCLUSIONS
We report the first detection of non-thermal radiation from a single stellar bubble. This finding constitutes an observational breakthrough which gives new insight on the non-thermal physical processes taking place in the environments of isolated massive stars. In particular, this proves that non-runaway isolated massive stars are in fact capable of accelerating relativistic particles and are therefore confirmed as sources of Galactic cosmic rays. Nonetheless, their efficiency as cosmic ray accelerators is poorly constrained. We estimated the average magnetic field strength in the synchrotron emitting region using a model that relies in simple and general energy density partition considerations. Such a model suggests that the fraction of the available kinetic wind power that is converted into non-thermal particle acceleration is of the order of a few per cent. Future works devoted to a detailed modelling of the acceleration of cosmic rays in the termination shocks of stellar winds and their broadband emission will allow to place tighter constraints to this value.
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